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In this study, metal-oxide-semiconductor ͑MOS͒ capacitors with high dielectric constant LaAlO 3 film were fabricated. Furthermore, the characteristic time-to-breakdown, T BD , of the MOS capacitors was investigated. The T BD was measured and the corresponding Weibull slopes, ␤, of the MOS capacitors with various LaAlO 3 thicknesses were calculated. In addition, a modified percolation model was proposed to consider the extrinsic factors of breakdown. These extrinsic factors were described by an equivalent reduction of the path-to-breakdown, t ex , in the model. Using this model, the calculated t ex of the MOS capacitor was 5. 8 [14] [15] [16] and several of the associated aluminates, have been introduced as alternative gate dielectrics. Among these high-k dielectrics, the thermal stability, and leakage current are important factors for future metal-oxide-semiconductor field-effect transistors ͑MOSFETs͒. Lanthanum aluminate or LAO ͑LaAlO 3 ͒ has great potential because it can achieve a high dielectric constant ͑13-27͒, large energy bandgap ͑over 5 eV͒, high thermal stability, and low leakage current density. [17] [18] [19] In the literature, Shao et al. 17 demonstrated good thermal stability, up to a high temperature of 850°C for LAO. Furthermore, Edge et al. 20 observed the band offset of 1.8Ϯ 0.2 eV for electrons and 3.2Ϯ 0.2 eV for holes by x-ray photoelectron spectroscopy. Chang et al. 21 reported that the leakage current of the metal-oxide-semiconductor ͑MOS͒ capacitors with LAO thickness of 8.7 nm was 7.6 ϫ 10 −5 A / cm 2 at Ϫ1 V. However, the reliability characteristics of LAO have not been fully investigated, especially those on the breakdown mechanism. In this work, a constant voltage stress ͑CVS͒ was applied to MOS capacitors and the time to breakdown, T BD , was measured to examine the breakdown mechanism of the LAO high-k dielectrics.
Silicon wafers with P-type ͑100͒ orientation, 4 in. diameter, and a resistivity of 2 -5 ⍀ cm were used as substrates. After the standard RCA cleaning, the LAO films were deposited using rf-magnetron sputtering at a power of 50 W and a pressure of 5 ϫ 10 −3 torr. The rf-magnetron sputtering process causes less contamination by introducing far less unfavorable chemicals than the chemical-vapor-deposition process, and hence, was chosen for this study. The postdeposition annealing was subsequently performed at 700°C in N 2 atmosphere for 30 s. Finally, the top electrodes of the sputtered aluminum were defined using the shadow mask and a postmetallization annealing of 400°C in N 2 atmosphere for 30 min was performed. The measurement of the dielectric breakdown was carried out using an I-V meter ͑Keithley 236͒. The thickness and the refractive index of the LAO films were measured using a n&k Analyzer. In most of the complementary MOS circuits, the devices were usually operated under a constant voltage; therefore, CVS tests were performed using MOS capacitors and the applied voltage was Ϫ7.5 V. The negative voltage was used to ensure that the semiconductor surface was in accumulation and all the applied voltage was applied across the dielectric layer.
T BD is a statistically distributed value. The cumulative fraction of the breakdown devices, F͑T BD ͒, is given by
The statistics of the dielectric breakdown is described by the Weibull distribution. The Weibull function, W͑T BD ͒, is given by
where ␤ is the Weibull slope and T 63 is the time for the cumulative fraction of 63% of the breakdown capacitors. Figure 1͑a͒ shows the Weibull distribution, ln͓−ln͑1−F͔͒, of LAO ͑13.5 nm͒ capacitors with various areas. Capacitors of two sizes were used, namely 1 ϫ 10 −4 and 4 ϫ 10 −4 cm −2 . The inset of Fig. 1͑a͒ shows the T BD characteristic of the capacitor with an area of 1 ϫ 10 −4 cm −2 . The parallel slopes in Fig. 1͑a͒ suggest that the ␤ values are independent of the capacitor area. Figure 1͑b͒ shows the Weibull distribution with various LAO thicknesses. The ␤ values with various LAO thicknesses of 13.5, 9.6, and 8.7 nm were 4.34, 2.12, and 1.65, respectively. The ␤ values decreased as the thickness decreased. The percolation model 23 and the modified percolation model proposed in this study were discussed to explain this thickness dependence of the Weibull distribution. Figure 2͑a͒ shows the schematic picture of defect generation and the breakdown path in the percolation model, and Fig. 2͑b͒ shows the other schematic picture in the modified percolation model proposed. In Fig. 2͑a͒ , the dielectric layer is assumed to be composed of cubics of volume, a 0 3 . The amount of cubics, n, along the thickness direction of the dielectric is given by n = t ox / a 0 , where t ox is the thickness of the dielectric film. After stress, the defects are generated randomly in the dielectric and the generation of one defect is modeled as the switch of a single cubic to a defective state. The cubic cumulative failure distribution is defined as 24
where is the fraction of the defective cubics. Thus, the cumulative failure distribution, F͑͒, and the Weibull function, W͑͒, are given by
The number of cubics on the dielectric surface, N, is given by N = A ox / a o 2 , where A ox is the top surface area of the dielectric. The is related to a measurable stress variable, such as T BD , by a power law 22, 23 
where is the exponent and is a constant. By substituting Eq. ͑6͒ into Eq. ͑5͒, the slope of the Weibull distribution can be given by
where ␤ and t ox are the measureable parameters and a 0 can be calculated using Eq. ͑7͒ once is known. The values were determined to be 1 and 0.6. 22, 23 The calculated defect sizes of LAO film thicknesses of 13.5, 9.6, and 8.7 nm were 3.11, 4.53, and 5.27 nm, respectively, when = 1, and 1.87, 2.72, and 3.16 nm, respectively, when = 0.6. The a 0 increased with decreasing thickness. The larger a 0 of the thinner LAO capacitors can be attributed to two factors. One reason is that the impact range caused by a defect in the LAO could increase with decreasing t ox . The impact range, when a defect is generated, can be defined as the size of a defect, 25 but since the atomic distances on various thicknesses of the LAO films would be very similar, the possibility is unlikely. The other reason is that some defects could be generated before stress, and the actual length of the breakdown path with these pre-existing defects will be shorter than the physical thickness. In the percolation model, the breakdown path is assumed to be the physical thickness of the gate dielectric and the defective cubics are generated randomly. Nevertheless, the assumptions will be correct if the breakdown is intrinsic. It is known that the breakdown of SiO 2 is usually intrinsic. However, the film and the interfacial properties of the high-k dielectrics are much more defective than those of the SiO 2 and weak spots, such as local thinning of the gate dielectrics and pre-existing defects in the gate dielectrics, which may occur in the high-k dielectrics. These weak spots cause nonuniform but localized electric field in the high-k dielectrics, and the breakdown tends to occur in these spots. As a result, these extrinsic factors of breakdown cannot be neglected. Therefore, a modified percolation model considering the extrinsic factors was proposed. In this model, the extrinsic factors were described by an equivalent reduction of the breakdown path, t ex and the ratio of t ex / t ox was an index showing how extrinsic the breakdown was. As shown in Fig. 2͑b͒ , the actual amount of cubics, nЈ, along the thickness direction of the dielectric is given by nЈ = ͑t ox − t ex ͒ / a 0 Ј, where a 0 Ј is the size of the cubic in the modified model. Thus, Eq. ͑8͒ can be derived and given by
can be rewritten as ͪ␤.
͑9͒ Figure 3 shows t ox as a function of ␤. The dependence of t ox on ␤ was quite linear and thus, a o Ј was observed to be independent of the thickness. The calculated a o Ј were 1.78 nm ͑ =1͒ and 1.07 nm ͑ = 0.6͒, respectively. The calculated t ex was 5.8 nm. As a result, the variance of the defect size, a 0 , of different thicknesses derived by the conventional percolation model was resolved using the modified percolation model. In summary, the MOS capacitors with the LAO dielectric were fabricated. Furthermore, the time-to-breakdown properties of the LAO capacitors were also investigated. It was shown that the Weibull slope increased with increasing dielectric thickness. By using the modified percolation model and taking the extrinsic factors of breakdown into account, the size of the defects generated by the CVS stress was found to be independent of the thickness of the LAO films. The calculated a o Ј values were 1.78 nm ͑ =1͒ and 1.07 nm ͑ = 0.6͒, respectively, and the calculated t ex value was 5.8 nm.
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